Substantial heterogeneity has been observed among case-control studies investigating associations between non-Hodgkin's lymphoma and familial characteristics, such as birth order and sibship size. The potential role of selection bias in explaining such heterogeneity is considered within this study. Selection bias according to familial characteristics and socioeconomic status is investigated within a United Kingdom-based case-control study of nonHodgkin's lymphoma diagnosed during 1998-2001. Reported distributions of birth order and maternal age are each compared with expected reference distributions derived using national birth statistics from the United Kingdom. A method is detailed in which yearly data are used to derive expected distributions, taking account of variability in birth statistics over time. Census data are used to reweight both the case and control study populations such that they are comparable with the general population with regard to socioeconomic status. The authors found little support for an association between non-Hodgkin's lymphoma and birth order or family size and little evidence for an influence of selection bias. However, the findings suggest that between-study heterogeneity could be explained by selection biases that influence the demographic characteristics of participants. birth order; case-control studies; lymphoma, non-Hodgkin; selection bias; siblings Abbreviation: ONS, Office for National Statistics.
Many factors may influence the validity and precision of epidemiologic studies. The importance of recruiting sufficient participants to limit the influence of random sampling error, using measures that provide valid classification of both outcomes and exposures and taking account of confounding factors or systematic biases such as selection bias, is well recognized (1) . The association among non-Hodgkin's lymphoma, sibship size, and birth order has been subject to many investigations (2) (3) (4) (5) (6) (7) (8) (9) , most following a case-control design, yet their findings are inconsistent. Of the potential explanations for the heterogeneity observed among these studies, selection bias, which has received little attention thus far, is the focus of the present report. Selection bias occurs in epidemiologic studies when there are systematic differences between the participants selected for the study and the populations that they represent. Selection bias is often introduced through differential study participation according to the experience of the outcome and exposures under investigation (10) . For example, the association between socioeconomic status and participation in epidemiologic studies is well documented, with people living in more affluent areas being more likely to participate, particularly as unaffected controls (11) . Although many case-control studies have carefully considered the influence of selection bias on their study estimates, for example (11) (12) (13) (14) (15) (16) (17) (18) , this bias frequently remains unaddressed.
In detailing methods for controlling for selection bias in case-control studies, Greenland (10) and Hernán et al. (19) have given the following indications. If selection factors are antecedents of both the outcome and the exposures under study and are measured on all study subjects, selection bias may be controlled as if it were a confounding factor within the study analysis. More usually, as well as selection factors being measured in all study subjects, knowledge is required of the joint distribution of selection factors, exposure, and disease in the entire source population or, equivalently, the selection probabilities according to each level of the factors affecting selection. As this information is external to usual study data collection, its lack of availability often provides an immediate obstacle to controlling for selection bias. However, a diversity of practical strategies has been used in seeking to obtain information to consider or analytically control for selection bias. Such strategies have included investigation of individuals identified within the study sample who did not participate (15) (16) (17) (18) , derivation of the represented population distribution of characteristics related to selection using external data such as population censuses (11) (12) (13) (14) , and conjecture of the magnitude of selectivity in sensitivity analyses (10) .
This study presents the association between non-Hodgkin's lymphoma and birth order, sibship size, and parental ages using data from a United Kingdom-based case-control study and examines the potential for selection bias due to differential participation according to familial characteristics (13, 14) and socioeconomic status (11) . In a comparison of the recruited control population with reference distributions for birth order and maternal age derived from United Kingdom national birth statistics, consideration is made of whether the control population is representative with respect to familial characteristics. Potential bias in participation according to socioeconomic status is investigated using United Kingdom census data to reweight the study data to be comparable with the general population (19) .
MATERIALS AND METHODS

Study data
A total of 699 Caucasian cases of non-Hodgkin's lymphoma and 742 Caucasian controls from a United Kingdombased, case-control study were included in the analysis. Full details of the study are provided by Willett et al. (20) . The study recruited cases of lymphoma diagnosed at ages 18-64 years, during the years 1998-2001, while normally resident in regions of the North and Southwest of England. For each case, a person matched on age and sex with no history of lymphoma or leukemia was selected as a control from local primary care registers. The study was conducted with the ethical approval of the United Kingdom multiregional ethical committee, and informed consent was given by all participants. The overall study participation rates were 75 percent for identified lymphoma cases and 71 percent for successfully contacted controls.
All participants took part in a face-to-face interview and provided information about their family in a questionnaire completed prior to the interview. The questionnaire included the date of birth of each first-degree relative, from which parental ages at the time of birth, total sibship size, and birth order were derived for each study participant.
By use of data from the 1991 United Kingdom census, a Townsend score including proportions of unemployment, car and home ownership, and overcrowding was computed for each small area enumeration district (21) . The Townsend scores were categorized into quintiles to create a deprivation indicator, with high scores corresponding to increased levels of deprivation, indicating lower socioeconomic status. A score from this indicator was assigned to each participant using the address at which he or she was resident at the date of diagnosis for cases or the date corresponding to the matched case diagnosis date for controls (20) . Weights to apply to each of the case and control populations such that their deprivation distributions would be representative of the national population of corresponding age structure were derived using the 1991 United Kingdom census data (19) .
Expected distributions of birth order and maternal age
It may be demonstrated theoretically that, as long as sampling is independent of an individual's birth order, number of siblings, or inclusion of other siblings and the sampling fraction is very small, the distribution of birth order within a random sample will be representative of the population from which the sample is taken (22) . Thus, in the derivations of expected distributions of birth order for the case and control populations, they may each be considered as being frequency samples by year from the population of the United Kingdom.
Yearly estimates of the true distribution of birth order, using the methodology of Smallwood (23), were obtained for births in England and Wales from 1938 onward by contacting the Office for National Statistics (ONS) (http://www.statistics. gov.uk). This distribution has varied significantly over time, which has important implications for its appropriate use (24, 25) . Because of lack of comparable population data, 129 cases and 131 controls born prior to 1938 were excluded from this analysis. Prior to calculation of expected distributions, the study data were reweighted by use of the census-derived weights, such that the deprivation distributions of each of the case and control populations were representative of the national population. The expected distributions of birth order, for the national population with age structure corresponding to each of the case and control study populations, were calculated as averages of the yearly national population birth order distribution estimates, weighted respectively by the frequency of case and control participants from each birth year.
Expected distributions of maternal age were made using ONS data, recording the yearly distribution of maternal age for births from 1938 onward following the same principles as detailed for birth order. The reported and expected distributions of birth order and maternal age were compared for each of the case and control populations by use of the chisquared test and the chi-squared test for trend (26) .
Analysis of association
Association between case-control status and each of the familial characteristics was estimated using unconditional logistic regression, considering each characteristic as a continuous and a categorical variable. Analyses were adjusted for age, sex, and study region, and statistical significance was estimated using the likelihood ratio test. Analyses in which socioeconomic status was not considered were compared with analyses in which potential selection bias was accounted for by reweighting each of the case and control populations using the census-derived weights, such that they were representative of the national population.
Correlation between deprivation and familial characteristics was evaluated within the control population using the Spearman rank correlation coefficient. All analyses were conducted using STATA statistical software (27) .
RESULTS
Characteristics of the participating case and control populations are presented in table 1. Little difference in the deprivation distributions between the case and control populations was observed (p ¼ 0.60). The expected distribution of deprivation categories for a national population following the age distribution of the case and matched control populations, derived from the 1991 United Kingdom census, was as follows: category 1 (most affluent), 24 percent; category 2, 21 percent; category 3, 20 percent; category 4, 19 percent; and category 5 (most deprived), 17 percent. Both the participating case and control populations were less deprived than the comparable general population.
Comparisons of the reported with the expected distributions of birth order and maternal age for the case and control populations are presented in table 2. Although some variations in birth order were observed for each of the case and control populations compared with their respective expectations, these differences were not statistically significant. Little evidence was provided for a differential distribution of maternal age between the control population and its corresponding expected distribution. However, some evidence was provided of a tendency for cases to report older maternal ages than would be expected (p ¼ 0.002).
The comparison of the case and control groups, presented in table 3, provided little evidence to suggest any association between non-Hodgkin's lymphoma and familial characteristics. Some variability was observed between the analysis in which socioeconomic status was not considered and the analysis in which the case and control populations were each reweighted according to deprivation, yet neither provided estimates indicating significant association. The variability between the analyses indicated a slight influence of selection bias according to socioeconomic status, which was not sufficient to substantially change the interpretation of the results. Association between deprivation and familial characteristics was apparent within the control population. Spearman's rank correlation coefficients of ÿ0.13 (p < 0.001) and ÿ0.10 (p ¼ 0.01) were estimated for maternal age and paternal age, respectively. This indicated that control participants of lower socioeconomic status tended to have been born to younger parents. Size of sibship and birth order were each positively correlated with the deprivation indicator among controls, with Spearman's rank correlation coefficients of 0.19 (p < 0.001) and 0.09 (p ¼ 0.02), respectively, indicating that controls of lower socioeconomic status tended to be from larger sibships and more likely to be of later birth order.
DISCUSSION
While there was some indication in our study that the maternal ages reported by cases tended to be increased compared with the expected distribution of maternal ages, no significant association between non-Hodgkin's lymphoma and maternal age was apparent in our case-control comparison. Similarly, there was no evidence for association between non-Hodgkin's lymphoma and any of the other familial characteristics studied.
In evaluating whether we had recruited a control population who were representative of the general population, we compared birth order and maternal age with ONS birth statistics, demonstrating that the control population did not differ substantially for either of these characteristics. We derived the expected distributions using ONS data on a yearly basis, incorporating variability over time, and took account of differences in socioeconomic status between the study and reference populations using the United Kingdom census. We note that this methodology was not applicable for paternal age, which is not routinely recorded for all fathers, nor size of sibship, which depends on later sibling births.
We clarified that our case-control comparisons had not been affected by selection bias according to socioeconomic status by reweighting each of the case and control data to correspond to United Kingdom census data. The difference in socioeconomic status between the cases and controls, however, was small. Study participation was high with rates of 75 percent for identified lymphoma cases and 71 percent for successfully contacted controls. Cases did not participate mainly because they had died, were too ill to take part, had insufficient command of English, or could not be traced, whereas controls refused to participate. Despite incomplete participation for either population, the method of control selection in which controls were matched to cases by local primary care provider, as well as by age and sex, may have helped to ensure comparability of socioeconomic status between the cases and the controls.
Familial characteristics were classified by use of selfreported data usually prepared by the study participants prior to the interview. The completeness of the data was high, and thorough checks were implemented to ensure consistency in the reported data. However, errors in reporting this information cannot be ruled out. Within the analysis a deprivation score based upon the small area census enumeration district in which the participant was resident was used to classify socioeconomic status. Although for some individuals this deprivation score may be a less accurate indication of socioeconomic status than an occupationally based classification, it is more readily assigned to people who are not currently employed, thus providing improved coverage in classifying the socioeconomic status of the study population (28) .
In studying the association between parental age and risk of cancer in their offspring using the Swedish Family Cancer Database, the authors found no association for all lymphomas (29); however, no prior research evidence specifically investigating non-Hodgkin's lymphoma was identified. Studies of association between non-Hodgkin's lymphoma and sibship size or birth order have been more frequent, and thus pooled analysis of case-control studies has been proposed within the InterLymph Consortium (9, 30) . In a previous study of adult non-Hodgkin's lymphoma and familial characteristics, Grulich et al. (7) described an association between birth order and non-Hodgkin's lymphoma in which children of early birth order were at decreased risk of developing adult non-Hodgkin's lymphoma compared with children of later birth order. A similar trend was described according to the number of other children who lived in the household during the participant's childhood. Consistent with this finding, Bracci et al. (9) In interpreting the observed heterogeneity, we consider differences between the study designs. Altieri et al. (8) used data from the Swedish Family Cancer Database, identifying non-Hodgkin's lymphoma cases and classifying familial characteristics using linked population data sources. In considering a full population, selection biases were excluded, and the study benefited from a large sample of 7,007 nonHodgkin's lymphoma cases. Paffenbarger et al. (2) utilized college records and long-term tracking for US university alumni. The study, however, was restricted to a population of male university alumni, considered only deaths from non-Hodgkin's lymphoma as opposed to nonHodgkin's lymphoma incidence, and was limited in power by observing only 89 non-Hodgkin's lymphoma decedents. Neither of these studies indicated association between non-Hodgkin's lymphoma and number of siblings or birth order.
Each of the other studies followed a case-control design in which cases were typically ascertained from cancer registration or treatment centers. The study sizes varied, influencing the precision with which the estimates of association were made. The smaller of the studies included 437 (3), 585 (6) , and 704 (7) non-Hodgkin's lymphoma cases, respectively, compared with the larger studies that included 1,304 (9) and 1,388 (5) non-Hodgkin's lymphoma cases, respectively. The studies varied in both the sources of the controls and the approaches taken to try to ensure that the control population was representative of the population from which the cases were identified. In the study described by Grulich et al. (7) , controls were randomly selected from state electoral rolls and were frequency matched to cases by age, sex, and state of residence. In the study described by Bracci et al. (9) , controls were identified by random digit dialing, supplemented by random sampling of Health Care Financing Administration files for participants aged more than 65 years, and were frequency matched to cases by age, sex, and county of residence. Cartwright et al. (3) utilized hospital-based inpatient controls with a wide variety of nonmalignant conditions, matched to cases by residential health district, age, and sex. Becker et al. (6) selected age-, sex-, and study area-matched controls from population registers. Vineis et al. (5) selected controls from demographic files in areas where these were available and National Health Service records in other areas, taking samples stratified according to sex and age. In addition to an individual's decisions on whether to take part or not, selection bias may be effective at the point at which the target sample is determined. Thus, the coverage of the population by the register utilized or that can be attained through random digit dialing may be strongly influential, as well as factors related to study recruitment practices.
Few data have been presented that quantify selection according to familial characteristics. Glaser et al. (14) demonstrated a strong association between birth order and participation among controls, where selection was by random digit dialing. The association was such that there was a significant excess of early birth order individuals participating, compared with those who did not participate. In a situation where such selectivity was weaker for cases than for controls, early birth order would appear to be protective against the outcome, a trend which is consistent with the study results described by Grulich et al. (7) and Bracci et al. (9) . Without such information for the case population, selection bias factors cannot be formally conjectured (10) ; however, these results may go some way toward suggesting an explanation for heterogeneity in published results to date.
The reasons for selection bias according to birth order are neither immediately apparent nor well documented. We suggest the association between familial characteristics and socioeconomic status as one potential explanation. This association has been established by historical trends in family building in the United Kingdom, where married couples of lower socioeconomic status tended to begin childbearing at an earlier age and had, on average, larger families than did married couples of higher socioeconomic status (31) (32) (33) (34) . Within our control population, associations between deprivation and familial characteristics were apparent, whereby controls of lower socioeconomic status tended to have been born to younger parents, to be from larger sibships, and to be of later birth order.
Thorough consideration of each of the many factors that may influence validity and precision is crucial in evaluating the quality of epidemiologic studies. Ensuring a sufficient sample size to limit the influence of random sampling error, careful calibration of the measures used to classify outcomes and exposures, and adjustment for controllable confounding are each essential, as well as taking account of systematic biases (1) . In recommendation of methods through which selection bias may be assessed in future studies or retrospectively considered for established studies, it is difficult to be prescriptive as any recommendation would depend upon the availability of study data and external data sources. We have illustrated two potential strategies using the data that were available in the United Kingdom that could be implemented in settings where such data are available and of high quality. These methods are presented in complement to those that have been described by other authors, for example, the study in which Glaser et al. (14) illustrated methods of reweighting according to age, race, education, and parity in a case-control study in reference to US census data.
